AND CONCLUSIONS
INTRODUCTION
The basic rhythmicity and pattern of rhythmic motor acts are generated by central neural networks known as central pattern generators (CPGs) (Delcomyn 1979) . It has been long known that these networks can be turned on and off by sensory inputs and that sensory feedback loops can modify the output of these networks on a cycle by cycle basis (Barnes and Gladden 1985) . Recent work has suggested that individual CPGs arenot fixed entities, and that a single network can assume different functional configurations in response to extrinsic modulatory influences (Marder 1987) ; however, whether sensory inputs can induce such long-lasting functional reconfigurations has until recently been unknown.
In the preceding paper (Hooper et al. 1990 ) we described a long-lasting restructuring of the well-documented crustacean pyloric CPG (Selverston and Moulins 1987) induced by the activation of a mechanosensory input arising from the stomach wall. This restructuring results in I) the activation of another stomatogastric nervous system CPG, the cardiac sac (CS) network, 2) the switching of a pyloric neuron, the ventricular dilator (VD) neuron, from the pyloric to the CS network, and 3) changes in the phase and intraburst firing pattern of another pyloric neuron, the inferior cardiac (IC) neuron.
Here we investigate the cellular and synaptic bases of this sensory-induced restructuring. We show that the sensory input has access to a modulatory pathway that induces a long-lasting modification of the VD neuron membrane properties and that this modification underlies the switch of this neuron between two neural networks. We further show that the IC neuron is not directly affected by the sensory inputs and that the changes in this neuron's activity result solely from the changes in the VD neuron's activity. Preliminary reports of some of these data have appeared Moulins 1987, 1989) .
METHODS
All experiments were performed on Pahnurus vulgaris STS that had been fully dissected from the animal (in vitro preparations) with the dorsal posterior esophageal (dpon) and lateral posterolateral (lpln) nerves intact (Fig. 1 ). Extracellular and intracellular recordings of neuronal activity and nerve stimulations were made as is standard in this preparation (see Hooper et al. 1990 ). The activities of the cardiac sac dilator neurons 1 and 2 (CD1 and CD2) of the CS network were recorded extracellularly from either the dpon or their ultimate motor nerve (CD l/CD2 nerve) or intracellularly from the CD1 and CD2 neuron somata, respectively located in the esophageal and stomatogastric ganglia (Moulins and Vedel 1977; Vedel and Moulins 1977) . The activities of the inferior ventricular (IV) neurons of the CS network were recorded extracellularly from the inferior ventricular nerve (ivn). Pyloric network activity was recorded either extracellularly from the pyloric motor nerves or intracellularly from the pyloric network neuronal somata, all of which are in the stomatogastric ganglion. All lpln stimulations were done at voltages sufficient to obtain a maximal response of the CS and pyloric networks (see Hooper et al. 1990) . When necessary chemical synaptic activity was blocked by the use of a modified saline without Ca2+ and containing 20 mM Co2+. 1. Schematic of the fully dissected stomatogastric nervous system. Pyloric activity is monitored with intracellular recordings from the pyloric somata in the stomatogastric ganglion and extracellular recordings from the medial ventricular (mvn) and lateral ventricular (lvn) nerves. CS network activity is monitored with intracellular recordings from the CD1 (soma in the esophageal ganglion) and CD2 (soma in the stomatogastric ganglion) neurons and extracellular recordings from the dpon or the ultimate CD l/CD2 motor nerve and the ivn (IV neuron activity). Effects described here were obtained by electrical lpln stimulation; note that the axons of the CS network neurons CD1 and CD2 are not present in this nerve.
Luc$er yellow photoinactivation (Figs. 8 and 9) The photoinactivation technique of Miller and Selverston (1979) was used to kill pyloric network neurons. This technique consists of the injection of Lucifer yellow CH (Sigma) into the soma followed by illumination of the neuron with a brilliant blue light. In each case the membrane potential and activity of the neuron was monitored during the kill; the kill was considered successful when the neuron's membrane potential was zero and no action-potential activity was seen on extracellular recordings of its motor nerve (Eisen and Marder 1982; Selverston 1979, 1982a,b; Selverston and Miller 1980) . Neuronal photoinactivation was, when appropriate, followed by the application to the stomatogastric ganglion of saline containing 5 X 10m6 M picrotoxin (PTX) to block glutamatergic synapses (Bidaut 1980 ) and thus isolate individual neurons from remaining pyloric network synaptic input (Eisen and Marder 1982; Marder and Eisen 1984) .
ICJiring pattern analysis (Fig. 11) The average phase [relative to the pyloric dilator (PD) neuron period] (see Hooper et al. 1990 ) and instantaneous frequency of each pair of IC neuron spikes in a given burst were calculated. The cycle period was then divided into 15 equal phase bins, and the average frequency of IC neuron discharge in each bin was determined. The average IC neuron discharge frequency in each phase bin was then averaged over 100 pyloric cycles. In this manner it is possible to compare the characteristic average IC neuron firing pattern in its burst under different conditions. We refer to this pattern as the "firing profile" of the IC neuron.
RESULTS
We have shown (Hooper et al. 1990 ) that brief mechanical stimulation of the stomach wall or brief high-frequency (1 s at 40 Hz) electrical stimulation of the sensory nerve that innervates this region (the lpln, Fig. 1 ) induce similar dramatic modifications in the activity of the pyloric and CS neural networks (Table 1) . These changes consist of both immediate short-term responses [excitation of the previously silent IV, CDl, and CD2 neurons of the CS network and disruption of the rhythmic cycling of the PD, anterior burster (AB), and one class of pyloric (PY3) neurons of the pyloric network] and responses that considerably outlast the stimulus duration [lateral pyloric (LP) and PYI neuron inactivation, PY2 neuron activation; see Fig. 4 , left]. Two neurons, the VD and IC neurons of the pyloric network, show both short-and long-lasting responses; the VD neuron is initially excited and then shows a long-lasting inactivation, whereas the IC neuron shows an initial inhibition followed by a long-lasting activation.
Continuous low-frequency lpln stimulation (which would mimic a tonic sensory input) results in somewhat different but related changes in CS and pyloric network activity. The CS network, which was silent before stimulation ( Fig. 2A, left) , becomes rhythmically active (Fig. 2B , left), with the IV, CDl, and CD2 neurons synchronously firing bursts of action potentials every lo-40 s. Under this stimulation paradigm, rhythmic pyloric network activity continues with very little change [except for some disruption during each CS network burst (PD trace, Fig. 2B, left) ] except for the VD and IC neurons. The VD neuron now fires with the CS network bursts and remains silent during the CS network interburst intervals. The IC neuron is inhibited during CS network bursts (not shown here, see Fig.  9A , middle) and shows a new increased pyloric firing pattern between them (compare Fig. 2, A and B, right) . Tonic activation of the lpln sensory input pathway thus activates the CS network, switches the VD neuron from the pyloric to the CS networks, and shifts forward the IC neuron firing phase in the pyloric pattern.
Are the eficts of lpln stimulation on thepyloric network due to CS network activation?
Lpln stimulation always induces both CS network activation and pyloric network restructuring, and spontaneous CS network activity is also always associated with similar 2. Summary of the effects of lpln stimulation on the pyloric and CS networks. In A the CS network was silent; in Bit was triggered to rhythmic activity by tonic low-frequency lpln stimulation. Left: intracellular recordings from the VD and a PD neuron and an extracellular recording of the dpon (largest units, CDl; next largest units, CD2). Lpln stimulation switches the VD neuron from firing with the pyloric pattern (A) to instead firing only with the CS network (B, dpon bursts). Right: intracellular recordings of the IC and a PD neuron when CS network is silent (A) and during CS network interburst interval (B). In B the IC neuron fired earlier in each pyloric cycle than in the control, and its firing pattern in each burst was changed. The PD neuron activity was unchanged except for complex, short-term alterations during the CS network/VD neuron bursts. The most hyperpolarized points of the neuron's membrane potentials before lpln stimulation were as follows: Lefl: VD, -70 mV; PD, -60 mV. Right: IC, -60 mV; PD, -60 mV. '0 changes in pyloric network activity; we therefore investigated whether the changes in pyloric network activity were an indirect result of CS network activity. We first attempted to selectively block the lpln-induced activation of the CS network. This activation could occur either in the esophageal or commissural ganglia (Fig. l) , and we therefore tested whether blocking synaptic transmission in either of these ganglia (by bathing them individually with saline containing 0 mM Ca*+/20 mM Co*+) specifically prevented lpln-induced CS network activation. Such treatments to the esophageal ganglion had no effect on either the lpln-induced CS network activation or pyloric network restructuring (data not shown). Alternatively, when synaptic transmission was blocked in the two commissural ganglia (Fig. 3) , lpln stimulation (dotted lines) no longer had any effect on either the CS (compare the CD2 traces in Fig.   3 , A and B) or pyloric (VD and PD traces in Fig. 3, A and  B) network. These results show that the lpln inputs relay in the commissural ganglia, and that the pyloric network restructuring must occur through a polysynaptic pathway (because none of the pyloric neurons send processes to the commissural ganglia). However, this experimental approach did not dissociate CS network activation and pyloric network restructuring, and we therefore performed a second type of experiment to investigate the relationship between them.
In this series of experiments we compared the effects on the pyloric network neurons of brief lpln stimulation and brief direct CS network activation by ivn stimulation (Moulins and Vedel 1977) at frequencies and durations similar to the IV neuron firing observed after lpln stimulation. The responses of several pyloric network neurons, in the same experiment, to lpln and comparable ivn stimulations (bars) are shown in Fig. 4 . These experiments showed that the short-term effects of lpln stimulation were either identical (compare the PD and VD traces in Fig. 4 Fig. 4 , right and left) to the effects of ivn stimulation. The long-lasting effects of lpln stimulation (e.g., the PY2 neuron activation and PYI , LP, and VD neuron inactivations), however, did not occur after ivn stimulation. A detailed comparison between the effects of lpln and comparable ivn stimulation was made for the VD neuron inactivation; in 24 experiments lpln stimulation resulted in an average inhibition lasting 37 t 14 (SD) s, whereas comparable ivn stimulation resulted in an inhibition lasting 9 t 5 s (significantly different at P < 0.001, Student's t test). Similar experiments with the IC neuron (data not shown) likewise reveal that the short-term effects of lpln stimulation on this neuron are the same as the effects of ivn stimulation, but that ivn stimulation does not induce long-lasting changes in IC neuron activity. We also tested whether repeated trains of ivn stimulation or tonic ivn stimulation 1s were able to induce the extremely long-lasting (5-6 h) VD neuron inactivation induced by similar lpln stimulation paradigms (Hooper et al. 1990 ); in no case was ivn stimulation able to induce such VD neuron inactivations. Finally, we also checked whether firing either of the other two known CS network neurons (CD1 and CD2) had any effects on pyloric network neurons; with the exception of a small excitatory synapse from the CD1 neuron onto the PD neuron (data not shown), no input was found. These results thus argue that many of the short-term effects of lpln stimulation on the pyloric network do, in fact, result from CS network activation. However, none of the longlasting modifications of pyloric network activity after lpln stimulation can be ascribed to synaptic input from known CS network neurons onto pyloric network neurons, although CS network neurons not activated by ivn stimulation could be involved. VD neuron switch is due to a combination of short-acting excitatory synaptic input and long-lasting changes in the neuron 1~ endogenous membrane properties.
We next turned to examining the cellular bases of the pyloric restructuring induced by lpln stimulation. We have concentrated our analysis on the changes in the VD and IC neurons, because these changes are among the most dramatic that we have described and occur in all lpln stimulation paradigms as well as during spontaneous CS network rhythmicity. An explanation of the VD neuron switch (see Fig. 2 , left) must answer two questions: 1) why does the VD neuron become strongly excited and fire a burst of spikes with each CS network burst, and 2) why does the VD neuron become silent and cease firing with the pyloric network in the CS interburst intervals? ulation of the ivn results in a large constant latency EPSP in the VD neuron. Figure 5B shows that during a CS network/VD neuron burst triggered by a single shock (arrow) to the lpln there was a one to one correspondence between VD neuron EPSPs or spikes and IV neuron spikes [the small ivn units are single IV neuron spikes, the large units are summated spikes when the 2 IV neurons (Dando and Selverston 1972) fire simultaneously]. Thus the burst of EPSPs seen in the VD neuron during CS network bursts results solely from the IV neuron to VD neuron excitatory synapse. Taken together with the data in Fig. 4A showing that the VD neuron spike bursts induced by lpln stimulation and comparable ivn stimulation are very similar, these results indicate that the VD neuron spike burst seen with lpln stimulation is primarily the result of the IV to VD neuron excitatory synapse. With respect to the first question, the VD neuron reWith respect to the origin of the VD neuron inactivation, ceives a powerful monosynaptic excitatory postsynaptic it is possible to show that the long-lasting inactivation is not potential (EPSP) from the IV neurons in Panulirus inter-associated with the VD neuron short-term activation, i.e., ruptus (Russell and Hartline 198 1; Sigvardt and Mulloney is not due to posttetanic depression. The IV neuron-in-1982). Figure 5A shows that this synapse is also present in duced EPSP in the VD neuron is curare sensitive in PanuPalinurus; each IV neuron spike induced by electrical stim-lirus ( burst. The IV neuron spikes (ivn extracellular recording) match 1 for 1 with the VD neuron EPSPs or spikes. The VD neuron trace has been slightly shifted to the left (to eliminate the latency between the IV neuron spikes and VD neuron EPSPs) to facilitate comparing ivn activity and VD neuron response. The VD neuron membrane potential before lpln stimulation was -60 mV. 198 1; Sigvardt and Mulloney 1982) . Figure 6A shows that this is also true in Palinurus; the VD neuron excitatory response to ivn stimulation (bar) is almost totally abolished when saline continuing 5 X 10e4 M curare is applied to the stomatogastric ganglion. Under these conditions lpln stimulation no longer produces a long, high-frequency VD neuron spike burst (because the IV to VD neuron synapse is blocked), but the long-lasting VD neuron inactivation is unaffected (Fig. 6B) . Note that curare also completely blocked the short-term VD neuron hyperpolarization induced by ivn stimulation (Fig. 6A ) without affecting the long-lasting VD neuron inactivation induced by lpln stimulation (Fig. 6B) ; these data thus provide additional evidence that the IV neurons are not responsible for the lplninduced VD neuron inactivation.
The ability of the VD neuron to depolarize and fire with the pyloric pattern depends on its possessing endogenous, regenerative membrane properties (plateau properties) (Bal et al. 1988; Russell and Hartline 1978) ; a possible source of the lpln-induced VD neuron inactivation could thus be a loss of these properties. An identifying characteristic of nlateau nronerties is that thev allow a neuron to rest semistably at either of two different membrane potentials between which the neuron can be switched by brief depolarizing or hyperpolarizing inputs; that the VD neuron has this ability before lpln stimulation is shown in Fig. 7A . The VD neuron was here hyperpolarized by the injection of tonic current -10 mV below the most hyperpolarized level of membrane potential observed during normal pyloric cycling. As a result, it never depolarized past the threshold membrane potential of the voltage-dependent conductances that underlie the regenerative depolarization to its more depolarized membrane potential state and so did not cycle with the pyloric pattern.
That it still possesses the ability to produce plateau potentials, however, was demonstrated by injecting a short depolarizing current pulse into the neuron. This triggered a switch of the neuron to a depolarized membrane potential that long outlasted the current pulse, and the neuron remained depolarized until inhibitory synaptic input from the AB neuron switched the VD neuron back to its hyperpolarized membrane potential. After lpln stimulation (Fig.  7B ) the plateau properties of the VD neuron were abolished. During this period we also tried larger and longer current pulses and were never able to trigger any active responses in the VD neuron. This loss of plateau properties was not due to an additional lpln-induced hyperpolarization, because the VD membrane potential was the same in Fig. 7 , A and B. After lpln stimulation the plateau properties of the VD neuron slowly recovered (Fig. 7C) ; after a 3-s at 40 Hz lpln stimulation (that used in this experiment) it took -5 min for them to return. We also tested whether the VD neuron possessed plateau properties when inactivated by tonic lpln stimulation and spontaneous CS network activity (data not shown); in every case, inactivated VD neurons did not have plateau properties. Although the VD neuron inactivation is often associated with some hyper-polarization (which we were unable to reverse), we were A ivn stimulation B lpln stimulation FIG. 6. Blocking the lpln-induced VD neuron burst does not affect the subsequent VD neuron inactivation. Application of saline containing 5 X 1 Om4 M curare completely blocked the inhibitory, and almost completely blocked the excitatory, responses of the VD neuron to ivn stimulation (bar, 80 Hz, A). This did not, however, block the VD neuron inactivation caused by lpln stimulation (bar, 40 Hz, B). Curare did block the initial VD neuron burst usually triggered by lpln stimulation, again arguing that this burst is mediated via the lpln-induced IV neuron excitation. The most hyperpolarized point of the VD neuron membrane potential was -70 mV.
unable to measure any consistent change in steady state VD neuron input resistance associated with lpln stimulation. The results shown above provide an explanation for the switch of the VD neuron from the pyloric to the CS network; the VD neuron fires with the CS network because of the IV neuron to VD neuron excitatory synapse and leaves the pyloric because it loses its plateau properties. However, we were unable to identify the neuronal inputs to the VD neuron that induce this loss of plateau properties. Because all the experiments described so far were performed with preparations in which the pyloric network was intact, it was possible that the effects of lpln stimulation on the VD neuron were an indirect result of changes in synaptic input from the rest of the pyloric network. We therefore tested whether the VD neuron responded to lpln stimulation when it was isolated from pyloric network-derived synaptic input (irtset, Fig. 84 . This was achieved by photoinactivating (see METHODS) the AB and PD neurons and applying 5 X 10s6 M PTX to the stomatogastric ganglion to block the IC and LP neuron's glutamatergic synaptic input. Control experiments in which this concentration of PTX was applied to the stomatogastric ganglion showed that it does not affect the responses of the intact pyloric network to lpln stimulation.
The four traces in Fig. 8A are intracellular recordings from the same isolated VD neuron (from the same experiment) and show its responses to lpln stimulation and ivn stimulation (bars) in both normal saline and saline containing 5 X 10e4 curare. It is apparent that lpln stimulation (1st trace) still resulted in an initial burst of activity, followed, in this experiment, by a long-lasting hyperpolariza-tion of the VD neuron. Ivn stimulation at a frequency and duration similar to that induced by lpln stimulation (2nd trace) caused a burst of spikes in the VD neuron and a much smaller and shorter duration hyperpolarization after the stimulation. The third trace shows that the long-lasting VD neuron hyperpolarization after lpln stimulation was resistant to curare, whereas curare completely blocked the hyperpolarization induced by comparable ivn stimulation (4th trace). This experiment thus demonstrates that lpln stimulation activates an input onto the VD neuron that does not depend on the rest of the pyloric network and again shows that the IV neurons are not responsible for the long-lasting effects of lpln stimulation on the VD neuron.
We have found that isolated VD neurons in Palinurus consistently lack plateau properties in normal saline; the reason for this loss of plateau property expression by isolated VD neurons is unclear, although preliminary evidence suggests it may be caused by the massive acetylcholine release associated with PD neuron photoinactivation (F. Nagy, personal communication). We were therefore unable in the type of experiment shown in Fig. 8 to correlate the change in VD neuron activity with a loss of plateau potentials. However, muscarinic agonists such as pilocarpine or oxotremorine are known to induce and augment plateau properties of pyloric network neurons (Benson and Cooke 1984) , and the application of low6 M oxotremorine reliably induced vigorous plateau potential capability in isolated VD neurons. Under these conditions lpln stimulation, but not IV neuron stimulation at frequencies and durations similar to that induced by lpln stimulation, always blocked this capability (data not shown). Although we cannot prove that the plateau potentials induced by oxotremorine are the same as those present in the VD neuron before isolation, these experiments nonetheless clearly show that the lpln-activated input is capable of blocking at least one type of plateau potential expression in isolated VD neurons. Thus, taken together, these data and those shown in Fig. 8 indicate that lpln-induced inactivation of the VD neuron is not due to a "network" effect and again argue that the lpln-induced VD neuron inactivation is not mediated via the IV neurons. Note also in Fig. 8 the clear absence of any sign of continuing inhibitory synaptic input onto the VD neuron (particularly in the presence of curare) that might be invoked to explain the long-lasting effects of lpln stimulation on this neuron.
Lpln-induced changes in IC neuron activity are the indirect result of the changes in VD neuron activity
The lpln stimulation-induced changes in IC neuron activity consist of a hyperpolarization and cessation of firing during CS network bursts (see Fig. 9A ) (see also Fig. 4 in Hooper et al. 1990 ) followed by a phase shift forward in the pyloric pattern and a change in the neuron's firing pattern in its bursts (compare Fig. 2A to Figs. 2B and 9A) (see also Fig. 7 in Hooper et al. 1990 ). One possible mechanism underlying these changes could be inhibitory synaptic input from the CS network during the short-term IC neuron hyperpolarization coupled with lpln-induced enhancement of the IC neuron's regenerative (plateau) properties (the "inverse" of the mechanism underlying the VD neuron response to lpln stimulation). However, none of the CS network neurons inhibit the IC neuron, and experiments similar to those shown in Fig. 7 in which brief depolarizing current pulses were injected into the IC neuron showed that identical plateau responses occurred before and after lpln stimulation (data not shown).
An alternative explanation is that the changes in IC neuron activity are due to "network effects," i.e., reflect changes occurring in the activity of pyloric network neurons presynaptic to the IC neuron. This issue was investigated by isolating the IC neuron from the pyloric network by photoinactivating the PD and VD neurons and applying PTX to block the AB and PY neuron synapses (inset, Fig. 8B ). Figure 8B shows that the isolated IC neuron shows neither a short-term hyperpolarization nor a long-term change in its firing pattern in response to lpln stimulation; instead it shows a slight, short-duration depolarization. These results thus argue that the effects of lpln stimulation on the IC neuron arise through network-mediated mechanisms, and we next attempted to identify which of the pyloric network neurons were responsible.
The VD neuron both strongly inhibits the IC neuron and is strongly affected by lpln stimulation; we therefore performed several experiments to determine whether it mediated the effects of lpln stimulation on the IC neuron. First, we compared the effects of lpln stimulation on the IC neuron when the VD neuron was present in the pyloric network to when the VD neuron had been photoinactivated (Fig. 9) . As long as the VD neuron was alive (Fig. 9A) , lpln stimulation (bar) induced an initial IC neuron hyperpolarization (middle) followed by a phase shift forward in IC neuron firing (compare right and left). After the VD neuron was killed (Fig. 9B) , the IC neuron's activity was dramatically altered (lefl). This change in IC neuron activity immediately argued that VD neuron input is of primary importance in making the IC neuron fire with the pyloric pattern. Moreover, lpln stimulation (bar) now resulted in only a very small immediate IC neuron hyperpolarization and induced no long-term change in activity (compare right and left).
These results suggest that both the immediate short-term IC neuron hyperpolarization and long-term change in IC neuron firing induced by lpln stimulation are indirect results of changes in VD neuron activity. This result implies that when the VD neuron is cycling with the pyloric pattern its input onto the IC neuron plays an important role in determining IC neuron phase, and that it is the absence of this input during VD neuron inactivation that results in the changes in IC neuron phase. This conclusion is strongly supported by experiments showing that the IC neuron activity can be restored to its normal phase by making an inactivated VD neuron fire in its normal phase (by injecting current pulses into the VD neuron) (Fig. 10) . Figure 1OA shows the raw data. The VD neuron was long lastingly (it did not recover during the remainder of the experiment) inactivated by several I-min at 40 Hz lpln stimulations, and then made to fire (large unit on the mvn) at three different phases in the pyloric pattern. Figure 1OB displays the same data after phase analysis (see Hooper et al. 1990 ). Figure 1OC is a graph of this experiment's averaged data for all phases of induced VD neuron activity. FIG. 9. VD neuron is primarily responsible for the effects of lpln stimulation on the IC neuron. In this experiment the AB neuron instead of the PD neurons was used to monitor pyloric pacemaker activity: the electrically coupled AB and PD neurons oscillate synchronously, and thus either neuron type can be used to follow pacemaker activity and so define the pyloric period. A: effects of lpln stimulation on the IC neuron when the pyloric network was intact. The IC neuron was hyperpolarized during the lpln-induced CS network/VD neuron burst (mid&e column). During the VD neuron inactivation (3rd column), the IC neuron phase shifted forward relative to control values (1st column). B: effects of the same lpln stimulation after the VD neuron was photoinactivated.
The IC neuron now fired essentially tonically in the control (1st column), thus demonstrating the importance of VD neuron input in determining IC neuron activity. Lpln stimulation induced only a brief, slight IC neuron hyperpolarization (mid& column) and had no long-lasting effect on IC neuron activity (3rd column). The most hyperpolarized values of the neuron's membrane potentials (1st column) were as follows: VD, -60 mV; IC, -70 mV (A), -65 mV (B); AB, -65 mV.
neuron burst, and the ordinate is the phase during which that IC neuron activity was altered (compared to its activity the IC neuron fired. Thus, for instance, when the VD when the VD neuron was silent, far left bar) no matter neuron was made to start its burst at a phase of 0 ( 1 st bar on when in the pyloric pattern the VD neuron was made to graph), the IC neuron fired between phases of 0 and 0.2. It fire. Of particular interest is the case in which the inactiis clear that the phases between which the IC neuron fired vated VD neuron was made to fire at its "normal" phase varied smoothly as a function of VD neuron phase, and (the phase at which it fires when not inactivated, 3rd col- FIG. 8. Responses of VD and IC neurons to lpln stimulation when isolated from pyloric presynaptic input. Insets show how the isolation was achieved in each case. Resistor symbols represent electrical coupling; filled circles represent inhibitory synapses. Photoinactivated neurons shown with dotted outlines; PTX was used to block the glutamatergic AB, IC, and LP neuron synapses in A and the AB and PY neuron synapses in B. A: top 2 traces show the response of an isolated VD neuron to lpln ( 1 s at 40 Hz) and ivn (1 s at 80 Hz) stimulation (bars) in normal saline; the bottom 2 in saline containing 5 X 1 Om4 M curare. The isolated VD neuron showed both an initial burst of activity and a long-lasting hyperpolarization after lpln stimulation, and the lpln-, but not ivn, induced hyperpolarization was curare resistant. B: isolated IC neurons respond with a weak, short-duration depolarization. This response is different from the IC neuron response to lpln stimulation when the pyloric network is intact; the IC neuron response in the intact network is therefore due to network effects (see text). The membrane potentials of the neurons (before stimulations) were -65 mV (VD, all traces) and -45 mV (IC). Current pulses were injected into the VD neuron soma so as to make it fire in bursts in 3 different phases of the pyloric pattern (2nd, 3rd, and 4th columns). B: same data after phase analysis (see Hooper et al. 1990 ). In the 3rd column of A and B the VD neuron was forced to fire at its normal phase in the pyloric pattern, which resulted in a normal IC neuron phase as well. C: IC neuron phase plotted as a function of imposed VD neuron phase. IC neuron phase varied smoothly with VD neuron phase, and VD neuron activity altered IC neuron phase no matter when the VD neuron fired (the 1st bar is IC neuron activity with the VD neuron silent). Figs. 1OA and B) ; under these conditions the IC neuron now also fired at its normal phase (that at which it fired before lpln stimulation). In other words, the reintroduction of pyloric VD neuron activity after its inactivation resulted in the restoration of the initial pattern of IC neuron activity.
Finally, not only the bursting pattern but also the intraburst firing pattern of the IC neuron changes when the lpln is stimulated (see Fig. 2B , right). We tested whether this was also an indirect effect because of VD neuron inactivation by analyzing what effects different levels of VD neuron activity had on the relationship between phase and the instantaneous frequency of IC neuron firing (Fig. 11) . In all four panels the abscissa again represents phase in the pyloric cycle and the ordinate is average instantaneous IC neuron firing frequency (see METHODS); the insets show characteristic examples of the raw data from which the graphs were made. Figure 11A shows the IC neuron burst when the VD neuron was spontaneously participating in the pyloric pattern; the IC neuron had only one peak frequency of firing, at an approximate phase of 0.6. Figure   11 B shows the IC neuron firing profile when the VD neuron was inactivated after three 250-ms at 40 Hz lpln stimulations. Now the IC neuron firing profile had two frequency peaks, an early one at phase 0.25 and a later one at phase 0.6. Insets are representative raw data. A shows the IC neuron firing when the VD neuron was in the pyloric pattern, B when the VD neuron was inactivated by lpln stimulation, C when the inactivated VD neuron was made to fire at its normal phase in the pyloric pattern, and D when the VD neuron was prevented from firing by hyperpolarizing current injection. After lpln stimulation, forcing an inactivated VD neuron to fire at its normal phase in the pyloric cycle (C) reverses the effects of the lpln stimulation on the IC neuron firing profile (compare to A), whereas simple hyperpolarization of the VD neuron (D) mimics the effects of lpln stimulation on the IC neuron firing profile (compare to B). Error bars are standard deviations. the phase it did before its inactivation. Now the IC neuron firing profile was similar to that in Fig. 1 IA, that is, it had only one frequency peak near phase 0.6, and thus the reintroduction of VD neuron pyloric activity restored the initial IC neuron firing profile. Figure 1 ID shows the IC neuron activity when the VD neuron in Fig. 11A was silenced by tonic hyperpolarizing current injection. The IC neuron firing profile was now very similar to that observed in Fig. 1 lB, and thus the elimination of VD neuron pyloric activity had the same effect on the IC neuron firing profile as did lpln stimulation.
These results and those shown in Fig. 10 thus indicate that the effects of lpln stimulation on both the IC neuron phase and its firing profile are mimicked by simple hyperpolarization of the VD neuron and, conversely, that the effects of lpln stimulation are reversed by making an inactivated VD neuron fire approximately normally in the pyloric pattern. Taken together with those in Fig. 94 which show that lpln stimulation has only small direct effects on the IC neuron, these results argue that the lpln stimulation-induced changes in IC neuron activity (total inhibition during CS network bursts, a phase shift forward in the pyloric pattern, and a new intraburst firing profile during the CS interburst interval) are all indirect effects mediated via the VD neuron itself.
DISCUSSION
Activation of a mechanosensory input (the lpln) arising from the stomach wall induces a long-lasting restructuring of the pyloric network (Hooper et al. 1990 ). Depending on the lpln stimulation paradigm used, varying numbers of pyloric network neurons are affected, but in all cases (as well as during spontaneous CS network activity) the activity of the two neurons that control the cardiopyloric valve, the VD and IC neurons, is dramatically altered, and in some cases (tonic lpln stimulation) essentially only these two neurons are affected. We have primarily investigated the cellular and synaptic mechanisms that underlie the lpln stimulation-induced changes in these two neurons. Our results indicate that two different mechanisms are responsible for the changes observed in these neuron's activities. The change in VD neuron activity is due to a long-lasting lpln-induced neuromodulatory alteration of the VD neuron's intrinsic membrane properties that renders it unable to participate in the pyloric pattern. Lpln stimulation, alternatively, has essentially no direct effect on the IC neuron; the lpln-induced change in IC neuron activity is instead due to the changed synaptic drive this neuron receives when the VD neuron is inactivated.
The restructuring of the pyloric network is always associated with the activation of another network, the CS network, and serves to coordinate the outputs of the two networks. These results thus also provide one of the first examples in which the coordination of simultaneously expressed motor patterns can be examined on the cellular level and suggest that neuronal switching between networks is one mechanism by which such coordination is achieved.
Cellular mechanisms
The most dramatic effect of lpln stimulation is the longlasting VD neuron inactivation responsible for the neuron leaving the pyloric network. We have argued that this inactivation is associated with the VD neuron losing its ability to express regenerative (plateau) properties. However, two other explanations could be considered. First, this inactivation could be only a posttetanic depression occurring after the high-frequency VD neuron firing associated with each CS network burst. This is unlikely because I) similar VD neuron firing induced by direct IV neuron stimulation or current injection into the VD neuron never induced a long-lasting inactivation, 2) lpln stimulation still induced a long-lasting inactivation even when the VD neuron was pharmacologically protected from the IV neuron excitatory drive and thus did not produce a burst of spikes, and 3) lpln stimulation with repeated trains for lo-30 min often inactivated the VD neuron for many hours, much longer than most posttetanic depressions. Second, this inactivation could also arise from a sustained inhibition induced by the tonic discharge of a commissural interneuron projecting to the stomatogastric ganglion and turned on by lpln stimulation. Although it is not possible to totally reject this hypothesis, careful examination of VD neuron recordings at several different membrane potentials never revealed any sign of inhibitory postsynaptic potentials (IPSPs) in the VD neuron (data not shown in detail, but see Figs. 2B, 3A, 4, A and C, 6, and 9A) , and examination of spiking activity in the stomatogastric nerve (the only nerve that could carry such an input to the stomatogastric ganglion) failed to identify any units that could be the origin of such a sustained inhibition. We therefore conclude that lpln stimulation activates an unidentified modulatory input that has a long-lasting suppressive effect on the VD neuron's regenerative membrane properties.
We were unable to associate the VD neuron inactivation with a measurable membrane resistance change or a consistent change in membrane potential (at any of several holding membrane potentials) and were thus unable to determine its ionic basis. This sort of difficulty has been encountered before in this system (Hooper and Marder 1987) and presumably reflects the long electrical distance between the neuronal somata and the sites in the neuropil at which membrane conductance changes actually occur.
The other neurons of the pyloric network also possess intrinsic regenerative properties that can be turned on and off by neuromodulatory inputs (Bal et al. 1988; Nagy and Moulins 1987) . In Palinurus, Dickinson and Nagy (1983) have described an esophageal modulatory neuron anterior pyloric modulator that can turn on (or enhance) the regenerative properties of several pyloric neurons (including the VD neuron). Conversely, Cazalets et al. (1990) have described in Homarus another esophageal modulatory neuron (pyloric suppressor) that suppresses (or diminishes) the oscillatory nature of at least the PD and LP neurons. Our results strongly suggest that lpln stimulation activates such a suppressive neuron that induces the long-lasting inactivation of the VD neuron's regenerative properties. In the preceding paper (Hooper et al. 1990) we showed that the LP and PY1 neurons also suffered a long-term inactivation after brief high-frequency lpln stimulation (see Table 1 ). Although the mechanisms by which these inactivations occur have not been studied in detail, we have shown (unpublished results) that the LP neuron inactivation is also associated with a loss of its regenerative (plateau) properties. Modification of regenerative membrane properties thus appears to be an important general mechanism by which the output of the pyloric network is altered.
Synaptic mechanisms
Unlike the VD neuron, the changes that occur in IC neuron activity after lpln stimulation are not associated with any change in the neuron's regenerative properties. Furthermore, isolated IC neurons have essentially no response to lpln stimulation, and thus the lpln stimulationinduced changes in IC neuron activity must be due to changes in the activity of pyloric network neurons presynaptic to the IC neuron. Our results show that when the VD neuron fires with the pyloric pattern, it is a primary determinant of the IC neuron phase and firing profile; the IC neuron can be induced to burst at almost any phase in the pyloric cycle by experimentally changing the VD neuron phase. The VD neuron is also primarily responsible for the changes in IC neuron activity after lpln stimulation, because I) experimental elimination of the VD neuron from the pyloric network by the injection of hyperpolarizing current always results in IC neuron firing activity comparable to the IC neuron activity induced by lpln stimulation, and 2) experimental restoration of inactivated VD neurons to the pyloric pattern always causes the IC neuron to fire in its pre-lpln stimulation pattern.
That the IC neuron remains active with the pyloric network (albeit in a new phase) after lpln stimulation is due to the rhythmic inhibitory inputs it continues to receive from other pyloric network neurons (the PD, AB, and PY neurons). In the absence of the additional VD neuron in-hibitory input, the IC neuron firing pattern changes; it now begins to fire earlier in the pyloric cycle and fires with a bimodal firing frequency in each burst. Why the absence of VD neuron input should change the timing of the beginning of the IC neuron bursts is not immediately obvious, inasmuch as the VD neuron, along with the PY neurons, serves to end the IC neuron bursts. A likely explanation of this anomaly stems from the fact that the IPSP induced in the IC neuron by the cholinergic VD neuron is longer lasting than the IPSP induced by the glutamatergic PY neurons (personal communication, E. Marder; Eisen and Marder 1984) . Thus, when the VD neuron fires in the pyloric pattern, its IPSP persists into the PD/AB neuron burst of the next pyloric cycle, and the combined IPSP of these three neuronal types is sufficient to prevent the IC neuron from beginning to fire until well after the PD/AB burst ends.
When the VD neuron is not in the pyloric pattern, the inhibition by the PY neurons is still sufficient to shut off IC neuron firing, and because average PY neuron phase is not altered by lpln stimulation, the phase of the end of IC neuron firing remains the same. Without the VD neuron contribution, however, the PD/AB inhibition onto the IC neuron is insufficient to prevent the IC neuron from beginning to depolarize immediately after the short-duration PY neuron inhibition has ended, and thus the IC neuron begins to fire during the PD/AB neuron burst. The PD/AB neuron inhibition of the IC neuron when the VD neuron is inactivated still helps shape IC neuron firing, however; the midburst reduction (which occurs during and immediately after the PD/AB neuron burst) in IC neuron firing frequency is presumably due to this weak IPSP. Hooper and Marder ( 1987) have shown that similar indirect network-mediated mechanisms also play a large role in the reconfiguration of pyloric output by the neuropeptide proctolin. These observations suggest that the complex synaptic connectivity and membrane properties of the pyloric network neurons may be greater than is actually needed to produce any single pyloric pattern; this complexity may instead exist so as to allow the network to assume different functional configurations and thus produce multiple patterns. This "built-in" multifunctionality is well demonstrated by noting the changes in VD neuron function that occur when the VD neuron leaves the pyloric pattern. When the VD neuron is a member of the pyloric network it plays a central role in determining the timing and level of the activity of its postsynaptic follower neurons in the pyloric network. As a result of its electrical coupling to the pacemaker AB/PD ensemble, it is also a pyloric pattern generator neuron, because the injection of current pulses into the VD neuron can reset and entrain the pyloric rhythm (data not shown). Alternatively, when the VD neuron cycles with the CS network, the VD neuron's synapses instead primarily function to communicate CS network activity to the pyloric network, coordinating the activities of the two networks by ensuring that the IC neuron does not fire during CS network bursts. Thus the VD neuron plays two distinct roles; it is an integral member of a central pattern generator, and it is a communicator neuron that coordinates the output of two different neural networks.
NETWORK RESTRUCTURING Sensory versus centrally induced restructuring 1587 Although it has been amply demonstrated that the crustacean pyloric network can be restructured by the application of neuromodulatory substances (Marder 1987) or the activation of identified modulatory neurons projecting to the pyloric network (Nagy and Moulins 1987; Nusbaum and Marder 1989a,b) , the mechanisms that control these neuromodulatory inputs and the functional significance of the provoked restructurings have been completely unknown. Recent work by Katz et al. (1989a Katz et al. ( ,b, 1990 ) and the results presented in the companion article (Hooper et al. 1990) show that mechanosensory inputs are capable of inducing long-lasting modulatory changes in pyloric output; sensory afferents thus can affect centrally organized rhythmic motor activity not only on a phasic, cycle by cycle manner (Barnes and Gladden 1985; ), but also via long-lasting mechanisms that globally reconfigure the underlying central pattern generator network.
The mechanosensory input described by Katz et al. is activated by the rhythmic motions induced by another STS neural network, the gastric network, and monosynaptically synapses onto both gastric and pyloric network neurons; it serves to coordinate the activity of the pyloric network to that of the gastric network. Activation of this input depends on gastric network-induced movements, and thus the gastric and pyloric networks are arranged in a local hierarchical chain in that modulatory inputs triggered by gastric network activity restructure the pyloric network.
We are unable to state whether the lpln stimulation-induced activation of the CS network and long-lasting restructuring of the pyloric network represent a similar hierarchical chain. It is possible that the lpln input fibers project only onto the CS network, and that an as yet unidentified member of that network projects to the pyloric network and induces the long-lasting effects of lpln stimulation observed there. Alternatively, the lpln may contain multiple input pathways, one of which activates the CS network and others of which induce the long-lasting pyloric effects, in which case the absolute correlation we observed between CS network activity and pyloric restructuring with lpln stimulation was due to our stimulations activating all lpln input pathways. The fact that "spontaneous" CS network activity was always associated with longlasting pyloric effects unfortunately does not resolve this question, because we do not know whether this CS network activity was due to spontaneous endogenous CS network rhythmicity or to an unusually high spontaneous firing of the lpln input fibers themselves. Nonetheless, it is at least possible that separate sensory input pathways exist and that the various long-lasting modifications of pyloric network neuron activity we have described might, by different sensory stimulation paradigms, be induced individually and without CS network activation.
In conclusion, it has become increasingly clear that the ability of single neural networks to assume different functional configurations so as to produce multiple outputs is a widespread feature of rhythmically active neural networks Dickinson and Marder 1989; Getting 1989 Marder 1988 Marder , 1989a Turrigiano and Selverston 1989;  scillator system in the lobster. I. Activation of the cardiac sac motor Weimann and Marder 1989 
